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Abstrat
Top avour-hanging neutral interations with a light quark q = u, c and a
gauge or Higgs boson are very suppressed within the Standard Model (SM), but
an reah observable levels in many of its extensions. We review the possible
size of the eetive verties Ztq, γtq, gtq and Htq in several SM extensions, and
disuss the proesses in whih these interations might show up at LHC and at
a high energy e+e− linear ollider.
1 Introdution
The next generation of high energy olliders planned or under onstrution will test the
Standard Model (SM) with high preision and will explore higher energies in the searh
of new physis. New physis may manifest itself in two ways: through diret signals
involving the prodution of new partiles or by departures from the SM preditions for
the known partiles. Diret signals are ruial in order to establish the type of new
physis present in nature but indiret eets are important as well, and in some ases
they ould give evidene of physis beyond the SM before new partiles are disovered.
The top quark plays a key role in the quest for deviations from SM preditions for
two reasons: (i) due to its large mass, radiative orretions involving new partiles
are often more important than for lighter fermions; (ii) its large mass suggests that
it might have a speial role in eletroweak symmetry breaking. Top quarks will be
opiously produed at LHC and, to a lesser extent, at a high energy e+e− ollider
like TESLA. With suh large samples, preise measurements of its ouplings will be
∗
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available to test SM preditions [1, 2℄. Here we study avour-hanging neutral (FCN)
ouplings involving the top quark. The most general eetive Lagrangian desribing
its interations with a light quark q = u, c and a gauge or Higgs boson, ontaining
terms up to dimension 5, an be written as
− Leff = g
2cW
Xqt q¯γµ(x
L
qtPL + x
R
qtPR)tZ
µ +
g
2cW
κqt q¯(κ
v
qt + κ
a
qtγ5)
iσµνq
ν
mt
tZµ
+eλqt q¯(λ
v
qt + λ
a
qtγ5)
iσµνq
ν
mt
tAµ + gsζqt q¯(ζ
v
tq + ζ
a
qtγ5)
iσµνq
ν
mt
T aqGaµ
+
g
2
√
2
gqt q¯(g
v
qt + g
a
qtγ5)tH +H.c. , (1)
where qν = (pt−pq)ν is the boson momentum and q¯, t are shorthands for the quark elds
u¯(pq) and u(pt), respetively. The ouplings are onstants orresponding to the rst
terms in the expansion in momenta, normalised to |xLqt|2+ |xRqt|2 = 1, |κvqt|2+ |κaqt|2 = 1,
et., with Xqt, κqt, λqt, ζqt and gqt real and positive. In priniple there are additional
terms that ould be inluded in this eetive Lagrangian, for instane proportional to
σµν(pt + pq)
νZµ. However, in the proesses disussed the top quark an be onsidered
on its mass shell to a very good approximation and the gauge bosons are either on
their mass shell or oupling to light fermions. Hene, these extra interations an be
rewritten in terms of the ones in Eq. (1) using Gordon identities.
Within the SM, the γµ ouplings x
L,R
qt vanish at the tree level by the GIM meha-
nism, and non-renormalisable σµν terms do not appear in the Lagrangian. Both types
of verties are generated at one loop level but, as will be shown in Setion 2, they
are strongly suppressed by the GIM mehanism, making FCN top interations very
small. In models beyond the SM this GIM suppression an be relaxed, and one-loop
diagrams mediated by new bosons may also ontribute, yielding eetive ouplings or-
ders of magnitude larger than those of the SM. The possible size of top FCN verties
in several SM extensions will be summarised in Setion 3. These interations lead to
various top deay and single top prodution proesses whih will be disussed in Se-
tion 4. The observation of suh proesses, extremely rare in the SM, would provide
a lear indiret signal of new physis, although the presene of SM bakgrounds must
be onsidered. In spei models, the presene of these interations may be orrelated
with other eets at high or low energies. One example of suh orrelation will be
shown in Setion 5.
We note that in the literature there are numerous alternative normalisations of the
oupling onstants in Leff . For this reason, we express our limits on the ouplings
in terms of top deay branhing ratios. We use mt = 178.0 ± 4.3 GeV [3℄, α(mt) =
2
1/128.921, s2W (mt) = 0.2342, αs(mt) = 0.108 and assume mH = 115 GeV. The tree-
level predition for the leading deay mode t→ bW+ is
Γ(t→ bW+) = α
16 s2W
|Vtb|2 m
3
t
M2W
[
1− 3M
4
W
m4t
+ 2
M6W
m6t
]
, (2)
whih yields Γ(t → bW+) = 1.61 GeV. We take this value as the total top width Γt.
The partial widths for FCN deays are given by
Γ(t→ qZ)γ = α
32 s2W c
2
W
|Xqt|2 m
3
t
M2Z
[
1− M
2
Z
m2t
]2 [
1 + 2
M2Z
m2t
]
,
Γ(t→ qZ)σ = α
16 s2W c
2
W
|κqt|2mt
[
1− M
2
Z
m2t
]2 [
2 +
M2Z
m2t
]
,
Γ(t→ qγ) = α
2
|λqt|2mt ,
Γ(t→ qg) = 2αs
3
|ζqt|2mt ,
Γ(t→ qH) = α
32 s2W
|gqt|2mt
[
1− M
2
H
m2t
]2
. (3)
The orresponding branhing ratios are then
Br(t→ qZ)γ = 0.472 X2qt ,
Br(t→ qZ)σ = 0.367 κ2qt ,
Br(t→ qγ) = 0.428 λ2qt ,
Br(t→ qg) = 7.93 ζ2qt ,
Br(t→ qH) = 3.88× 10−2 g2qt . (4)
2 Top FCN interations in the SM
One-loop indued FCN ouplings involving the top quark have a strong GIM suppres-
sion, resulting in negligible branhing ratios for top FCN deays [4, 5℄. We show how
this anellation mehanism operates taking as example the γtc vertex. The SM di-
agrams ontributing at one loop level are depited in Fig. 1, with di = d, s, b. We
omit the diagrams involving unphysial salars, whih an be obtained replaing the
W boson lines by harged salars.
3
t c
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W
γ
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W
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γ
Figure 1: SM diagrams ontributing to the tcγ vertex. The additional diagrams in-
volving unphysial salars are not displayed.
If we dene Vγ ≡ eλqtλvqt/mt, Aγ ≡ eλqtλaqt/mt, we an write these form fators as
Vγ =
3∑
i=1
fγV (m
2
i /M
2
W )VciV
∗
ti ,
Aγ =
3∑
i=1
fγA(m
2
i /M
2
W )VciV
∗
ti , (5)
with fγV (x) ≃ fγA(x) (equal in the limit mc = 0) and V the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The funtion fγV is shown in Fig. 2 (a). Using the fat that
md,s ≃ 0 to an exellent approximation, the 3 × 3 CKM unitarity relation VcdV ∗td +
VcsV
∗
ts + VcbV
∗
tb = 0 implies
Vγ =
[
fγV (m
2
b/M
2
W )− fγV (0)
]
VcbV
∗
tb ≡ f ′γV (m2b/M2W )VcbV ∗tb . (6)
Hene, the form fator is ontrolled by the shifted funtion f ′γV , plotted in Fig. 2 (b).
We observe that the onsequene of 3 × 3 CKM unitarity is to anel the onstant
term fγV (0) ≃ −5.1 × 10−6 − 6.0 × 10−6i, ommon to the three d, s, b ontributions,
leaving Vγ proportional to the muh smaller funtion f ′γV (m2b/M2W ) ≃ f ′γV (0.0012) ≃
−9.1 × 10−9 − 4.7× 10−9i.
This anellation makes the form fators rather sensitive to the value of the b quark
mass in the internal propagators. The most adequate hoie is the running MS mass
evaluated at a sale O(mt). With mb(mt) = 2.74 ± 0.17 GeV, the SM predition for
t→ cγ is [6℄
Br(t→ cγ) = (4.6 +1.2
−1.0 ± 0.2± 0.4 +1.6−0.5)× 10−14 . (7)
The rst and seond unertainties quoted ome from the bottom and top masses, re-
spetively, the third from CKM matrix elements and the fourth is estimated varying the
renormalisation sale between MZ (plus sign) and 1.5mt (minus sign). The analogous
alulation of t→ cg yields
Br(t→ cg) = (4.6 +1.1
−0.9 ± 0.2± 0.4 +2.1−0.7)× 10−12 . (8)
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Figure 2: Loop funtions fγV (m
2
i /M
2
W ) and f
′
γV (m
2
i /M
2
W ).
These updated results are one order of magnitude smaller than the values previously
obtained in Ref. [4℄. For t → cZ, t → cH the results of Refs. [4, 5℄ must be resaled
by a fator [mb(mt)/(5 GeV)]
4 ≃ 0.09 (the loop funtions are approximately linear for
m2b/M
2
W ≪ 1), obtaining
Br(t→ cZ) ≃ 1× 10−14 ,
Br(t→ cH) ≃ 3× 10−15 . (9)
The relative unertainties on these values are expeted to be similar to the ones in
Eqs. (7),(8). For deays t → uZ, t → uγ, t → ug, t → uH the branhing ratios are
a fator |Vub/Vcb|2 ≃ 0.0079 smaller to the ones orresponding to a c quark, as an be
seen from Eq. (6). The dierene between the u and c masses is irrelevant.
3 Top FCN interations beyond the SM
New physis ontributions to the eetive Lagrangian in Eq. (1) an enhane the rates
of top FCN deays several orders of magnitude, giving observable branhing ratios in
some regions of parameter spae. Here we examine the situation in the ontext of
models with extra quark singlets, with an extra Higgs doublet and in supersymmetri
extensions of the SM.
In models with extra quarks the 3×3 CKM matrix is no longer unitary and the GIM
mehanism ating to suppress the SM amplitudes is relaxed. When the new quarks are
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SU(2)L singlets with harge Q = 2/3, the ouplings of the Z boson to up-type quarks
are not diagonal. Taking a onservative value for the mass of the new quark, mT ≥ 300
GeV, present experimental data allow
Xqt ≃ 0.015 (|xLqt| = 1 , xRqt = 0) (10)
at the tree level [7℄. Suh ouplings are possible both for up and harm quarks, but
not simultaneously. In these models there also exist tree-level FCN salar interations,
given by
gqt ≃ mt
MW
Xqt (g
v
qt = g
a
qt) . (11)
The branhing ratios for top deays mediated by these verties are Br(t → qZ) ≃
1.1× 10−4, Br(t→ qH) ≃ 4.1× 10−5, respetively. The deay rates for t→ qγ, t→ qg
are also enhaned due to the partial breaking of 3×3 CKM unitarity and the presene
of extra Feynman diagrams like those in Fig. 1 (a) but with an u or t internal quark and
a Z boson. The rates obtained are Br(t→ qγ) ≃ 7.5× 10−9, Br(t→ qg) ≃ 1.5× 10−7
for Xqt ≃ 0.015. In models with Q = −1/3 singlets the branhing ratios are muh
smaller [6℄ sine CKM unitarity breaking is very onstrained by experimental data. In
SM extensions with SU(2)L doublets there may also exist right-handed tree-level FCN
ouplings Xqt [8℄.
FCN interations with salars are also present at the tree level in two Higgs doublet
models (2HDMs), unless a disrete symmetry is imposed to forbid them. The ouplings
are often assumed to sale with quark masses [9℄,
gqt ≃
√
mqmt
MW
(12)
up to a fator of order unity, i.e. gct ≃ 0.20, gut ≃ 0.012, leading to Br(t → cH) ≃
1.5 × 10−3, Br(t → uH) ≃ 5.5 × 10−6, respetively. The new salar elds also give
radiative ontributions to the Ztq, γtq and gtq verties, with diagrams analogous to
those in Fig. 1, replaing the W boson by a harged salar, and additional diagrams
with an up-type internal quark and a neutral salar. The resulting branhing ratios
an be up to Br(t → cZ) ∼ 10−7, Br(t → cγ) ∼ 10−6, Br(t → cg) ∼ 10−4 [10, 11℄,
with smaller values for deays to an up quark. In 2HDMs without tree-level salar FCN
ouplings, harged and neutral Higgs ontributions to Leff an still inrease signiantly
the rates for top FCN deays with respet to the SM preditions. The maximum values
reahed are of the order Br(t→ cZ) ∼ 10−10, Br(t→ cγ) ∼ 10−9, Br(t→ cg) ∼ 10−8,
Br(t→ cH) ∼ 10−5 [11, 12℄.
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Reent alulations in the ontext of the Minimal Supersymmetri Standard Model
(MSSM) show that for non-universal squark mass terms Br(t → qZ) ≃ 2 × 10−6,
Br(t → qγ) ≃ 2 × 10−6, Br(t → qg) ≃ 10−4 an be reahed while keeping agreement
with low energy data [13,14℄. These results are larger than previous estimates [1517℄.
The branhing ratio of t → qH an be up to Br(t → qH) ∼ 10−5 [18℄, assuming
squark masses above 200 GeV. In all these deays the largest ontributions to the
amplitudes ome from gluino exhange diagrams. In non-minimal supersymmetri
models with R parity violation, top FCN deays an also proeed through baryon
number violating interations, yielding Br(t→ qZ) ≃ 3×10−5, Br(t→ qγ) ≃ 1×10−6,
Br(t → qg) ≃ 2 × 10−4 [19℄, Br(t → qH) ∼ 10−6 [20℄. (We obtain these values taking
Λ = 1 in Refs. [19, 20℄.)
We ollet the data presented in this setion in Table 1, together with SM predi-
tions. Two onlusions an be extrated from these gures: (i) Models with tree-level
FCN ouplings to Z, H give the largest rates for deays to these partiles, as it is
expeted; (ii) the radiative deays t → qγ, t → qg have largest branhing ratios in
supersymmetri extensions of the SM.
SM QS 2HDM FC 2HDM MSSM R6 SUSY
t→ uZ 8× 10−17 1.1× 10−4 − − 2× 10−6 3× 10−5
t→ uγ 3.7 × 10−16 7.5× 10−9 − − 2× 10−6 1× 10−6
t→ ug 3.7 × 10−14 1.5× 10−7 − − 8× 10−5 2× 10−4
t→ uH 2× 10−17 4.1× 10−5 5.5× 10−6 − 10−5 ∼ 10−6
t→ cZ 1× 10−14 1.1× 10−4 ∼ 10−7 ∼ 10−10 2× 10−6 3× 10−5
t→ cγ 4.6 × 10−14 7.5× 10−9 ∼ 10−6 ∼ 10−9 2× 10−6 1× 10−6
t→ cg 4.6 × 10−12 1.5× 10−7 ∼ 10−4 ∼ 10−8 8× 10−5 2× 10−4
t→ cH 3× 10−15 4.1× 10−5 1.5× 10−3 ∼ 10−5 10−5 ∼ 10−6
Table 1: Branhing ratios for top FCN deays in the SM, models with Q = 2/3 quark
singlets (QS), a general 2HDM, a avour-onserving (FC) 2HDM, in the MSSM and
with R parity violating SUSY.
4 Experimental observation
Present experimental limits on top FCN ouplings ome from the non-observation
of the deays t → qZ, t → qγ at Tevatron and the absene of single top prodution
7
e+e− → tq¯ at LEP and eu→ et at HERA. The best limits are Br(t→ qZ) ≤ 0.159 [21℄,
Br(t→ qγ) ≤ 0.032 [22℄, Br(t→ uγ) ≤ 0.011 [23,24℄ with a 95% ondene level (CL),
very weak if ompared to the rates whih an be ahieved in the SM and its extensions.
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These limits will improve with Tevatron Run II, and will reah the 10−5 level at LHC
and TESLA (or other future e+e− ollider), opening the possibility of the experimental
observation of top FCN interations.
4.1 Observation at LHC
At LHC top quarks are abundantly produed in tt¯ pairs via standard QCD interations,
with a ross setion around 860 pb [1℄. The searh for top FCN ouplings an be
performed looking for proesses in whih the top quark deays via t→ qZ [25℄, t→ qγ
[26℄, t→ qg [27℄, t→ qH [28℄, mediated by the operators in Eq. (1), while the antitop
deays t¯→ W−b¯. The harge onjugate proesses, with standard top deay and FCN
antitop deay, are also inluded in the analyses but for brevity we do not refer to them
in the following. Due to the large QCD bakgrounds at LHC, the searh for signatures
of these proesses must be performed in the leptoni hannelsW− → ℓ−ν¯ℓ, with ℓ = e, ν
(with a good τ tagging this hannel ould be eventually inluded as well). In Z and
H deays the hannels onsidered are Z → ℓ+ℓ− and H → bb¯, respetively. b tagging
is used in order to redue bakgrounds.
On the other hand, one an searh for single top prodution mediated by the anoma-
lous verties in Eq. (1), in the proesses gq → Zt [29℄, gq → γt [29℄, gq → t [30℄,
gq → Ht [28℄, followed by a standard top deay t → W+b. The Feynman diagrams
for these proesses are depited in Fig. 3. Zt and γt prodution an also our via
gtq interations, but the presene of this type of operator is easier to detet in the
proess gq → t. We ollet in Table 2 the tree-level ross setions for FCN single top
prodution proesses, alulated with MRST parton distribution funtions set A [31℄.
Next-to-leading order orretions for Zt and γt prodution are available for Tevatron
energies [32℄. For LHC they are expeted to inrease the ross setions at the 10%
level.
It is learly seen that for q = c these proesses are suppressed by the smaller
1
Our LEP bound on Br(t → qZ) slightly diers from the one quoted in Ref. [21℄ beause we
normalise the rates to Γ(t → bW+). The translation into limits on Xqt is also dierent from theirs,
beause they assume Xut = Xct while we assume only one oupling is dierent from zero, thus
obtaining more onservative bounds.
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Figure 3: Diagrams for single top prodution in hadron ollisions: (a) Zt produ-
tion mediated by Ztq ouplings; (b) γt prodution mediated by γtq ouplings; () t
prodution; (d) Ht prodution.
Proess Cross setion Proess Cross setion
gu→ Zt (γµ) (260 + 50) |Xut|2 gc→ Zt (γµ) (26 + 26) |Xct|2
gu→ Zt (σµν) (540 + 87) |κut|2 gc→ Zt (σµν) (45 + 45) |κct|2
gu→ γt (440 + 76) |λut|2 gc→ γt (39 + 39) |λct|2
gu→ t (9.0 + 2.6) × 105 |ζut|2 gc→ t (1.5 + 1.5) × 105 |ζct|2
gu→ Ht (16 + 2.8) |gut|2 gc→ Ht (1.5 + 1.5) |gct|2
Table 2: Cross setions (in pb) for single top plus antitop prodution proesses at LHC.
In eah ase the rst term in the sum orresponds to the proess quoted and the seond
term to the harge onjugate proess.
struture funtions for the harm quark. For nonrenormalisable σµν ouplings the ross
setions are enhaned by the qν fator appearing in the vertex: with the normalisation
hosen for the oupling onstants, for |Xqt| ≃ |κqt| ≃ |λqt| the rst three branhing
ratios in Eq. (4) take similar values, while the ross setions in Table 2 are muh larger
for σµν-type interations.
The searh for these proesses is leaner in the hannels where W+ → ℓ+νℓ,
Z → ℓ+ℓ−, H → bb¯, and taking advantage of b tagging to redue bakgrounds. Their
experimental signatures are written in Table 3, where we also inlude the most impor-
tant bakgrounds.
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Proess Signal Bakground Proess Signal Bakground
tt¯, t→ qZ ℓ+ℓ−jℓνb ZWjj LO gq → Zt ℓ+ℓ−ℓνb ZWj LO
tt¯, t→ qγ γjℓνb γWjj LO∗∗ gq → γt γℓνb γWj LO
tt¯, t→ qg jjℓνb Wjjj LO∗ gq → t ℓνb Wj NLO∗∗
tt¯, t→ qH bb¯jℓνb Wbb¯jj LO∗ gq→ Ht bb¯ℓνb tt¯ NLO∗∗
Table 3: Experimental signature and main bakground for several top rare deay and
single top prodution proesses at LHC. The top antiquarks are assumed to deay
t¯→W−b¯→ ℓ−ν¯ℓb¯, and the Z and H bosons in the hannel Z → ℓ+ℓ−, H → bb¯.
In order to determine the disovery potential of these proesses we onsider that
only one FCN oupling Xqt, κqt, λqt, ζqt or gqt is nonzero at a time. We give the
limits for 3 σ evidene, what happens when the expeted number of signal (S) plus
SM bakground (B) events is not onsistent with a bakground utuation at the
3 σ level, orresponding to a CL of 0.9973. For large samples, this translates into
S/
√
B = 3, while for B ≤ 5 events Poisson statistis must be used. We resale the
data in Refs. [25,26,2830℄ to a ommon b tagging eieny of 50% and a mistagging
rate of 1%, realulating the limits using these unied riteria.
2
(We note that in these
analyses a top quark mass mt ≃ 175 GeV is used.) We assume an integrated luminosity
of 100 fb
−1
, orresponding to one year of running in the high luminosity phase. For an
inrease in luminosity by a fator k, the limits on branhing ratios sale with k−1/2.
We point out that in real experiments a proper onsideration of theoretial uner-
tainties in bakground ross setions will be ompulsory. Present alulations in the
literature are aimed at determining the sensitivity to FCN ouplings of various pro-
esses, and do not need to take them into aount. However, for the omparison of
theoretial preditions with experimental data, leading order (LO) bakground alu-
lations will often be insuient and next-to-leading order (NLO) alulations will be
required to math the statistial preision ahieved at LHC. In Table 3 we have written
the order in perturbation theory to whih these bakgrounds are presently known. We
estimate that when the statistial unertainty of the bakground ross setions
3
is bet-
ter than 20% the use of NLO alulations is neessary (this is indiated in Table 3 by
2
In Ref. [25℄ b tagging is not used and to obtain our limits we sale their ross setions by the
appropriate fators. The interations onsidered there are of γµ type only but the limits for σµν
ouplings are expeted to be the same. In Ref. [27℄ the analysis is done for Tevatron energies only.
3
Inluding b tagging and kinematial uts, and onsidering 100 fb−1 of integrated luminosity. For
a higher luminosity the relative statistial unertainty dereases.
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an asterisk) and when it is better than 5%, next-to-next-to-leading-order alulations
may be required (indiated by a double asterisk).
4
Our limits are olleted in Table 4. In the majority of the ases top deay pro-
esses provide the best plae to disover top FCN interations, surpassed by single top
prodution for σµν-type interations involving the up quark. Comparing these limits
with the data in Table 1 we observe that in many examples the maximum rates pre-
dited are observable with 3 σ statistial signiane or more within one year (with a
luminosity upgrade to 6000 fb
−1
[33℄ the gures in Table 4 are redued by a fator of
7.7). If no signal is observed, upper bounds on top FCN deay branhing ratios an be
plaed. The 95% upper limits obtained in this ase are numerially smaller than those
in Table 4 by a fator between 1.3 and 1.5.
Top deay Single top
t→ uZ(γµ) 3.6× 10−5 8.0× 10−5
t→ uZ(σµν) 3.6× 10−5 2.3× 10−5
t→ uγ 1.2× 10−5 3.1× 10−6
t→ ug − 2.5× 10−6
t→ uH 5.8× 10−5 5.1× 10−4
Top deay Single top
t→ cZ(γµ) 3.6× 10−5 3.9× 10−4
t→ cZ(σµν) 3.6× 10−5 1.4× 10−4
t→ cγ 1.2× 10−5 2.8× 10−5
t→ cg − 1.6× 10−5
t→ cH 5.8× 10−5 2.6× 10−3
Table 4: 3 σ disovery limits for top FCN interations at LHC, for an integrated lumi-
nosity of 100 fb
−1
. The limits are expressed in terms of top deay branhing ratios.
The ATLAS and CMS ollaborations have performed full detetor simulations to
investigate the sensitivity to the deays t→ qZ, t→ qγ, giving 5 σ disovery limits on
the rates for these proesses for an integrated luminosity of 100 fb
−1
. For the ATLAS
detetor the limits are Br(t→ qZ) = 2.0× 10−4 [34℄, Br(t→ qγ) = 1.0× 10−4 [1℄, and
for the CMS detetor Br(t → qZ) = 1.9 × 10−4, Br(t → qγ) = 3.4 × 10−5 [1℄. After
orreting for the dierent ondene levels used, the numbers for t → qγ at CMS
agree very well with those in Table 4, while the rest are more pessimisti.
To onlude this subsetion we note that at LHC there are additional proesses
whih an our through top FCN interations. The rst example is single top pro-
dution assoiated with a jet produed via gtq interations [35℄, whih is however less
sensitive than gq → t. The seond example is like-sign top prodution [36℄, mediated
4
In priniple, it may be also possible to normalise the bakground ross setions using measured
data from other phase spae regions, thus dereasing the theoretial unertainty in the regions of
interest. If this is the ase, NLO or even LO alulations may be suient.
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by two FCN verties. This proess has a smaller ross setion than proesses with only
one FCN vertex, but might be observed at LHC due to its small bakground.
4.2 Observation at an e
+
e
−
ollider
A high energy e+e− ollider like TESLA will omplement LHC apabilities in the searh
for top FCN ouplings. As in hadron ollisions, the operators in Eq. (1) mainly manifest
themselves in top deay and single top prodution proesses. In e+e− annihilation top
quark pairs are produed by eletroweak interations, and single top quarks may be
produed in the proess e+e− → tq¯, [37℄, via the diagrams in Fig. 4. (The harge
onjugate proess is also summed.) At TESLA the top pair prodution ross setion
at 500 GeV is only of 600 fb [2℄, and limits obtained from top deays [38, 40℄ annot
ompete with those from LHC, despite the larger luminosity and smaller bakgrounds.
On the ontrary, single top prodution an math or even improve some LHC limits if
beam polarisation is used to redue bakgrounds [39℄. We have updated the study of
Ref. [39℄ to inlude the eet of initial state radiation (ISR) [41℄ and beamstrahlung
[42,43℄ in the alulations. We assume integrated luminosities of 345 fb
−1
and 534 fb
−1
per year for entre of mass (CM) energies of 500 and 800 GeV, respetively [44℄, and
beam polarisations Pe− = 0.8, Pe+ = −0.6.5 For beamstrahlung at 500 GeV we use the
parameters Υ = 0.05, N = 1.56, while at 800 GeV we take Υ = 0.09, N = 1.51 [44℄.
We also inlude a beam energy spread of 1%. The total ross setions at both energies
for eah type of anomalous oupling are written in Table 5.
e
e
u; 
t
Z; 
Figure 4: Diagrams for single top prodution in e+e− ollisions.
We nd that ISR and beamstrahlung make it more involved the reonstrution of the
top quark momentum and additionally they inrease theWjj bakground ross setion.
Following the analysis of Ref. [39℄, but with a dierent reonstrution proedure and
dierent sets of kinematial uts, we obtain the 3 σ disovery limits in Table 6. The
5
Here we use the onvention in whih the degree of polarisation refers to the heliity both for the
eletron and the positron, in ontrast with Refs. [38, 39℄.
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500 GeV 800 GeV
Z, γµ 370 |Xqt|2 230 |Xqt|2
Z, σµν 2560 |κqt|2 2850 |κqt|2
γ 5370 |λqt|2 6300 |λqt|2
Table 5: Cross setions (in fb) for single top prodution at TESLA, inluding ISR,
beamstrahlung and beam energy spread, for polarisations Pe− = 0.8, Pe+ = −0.6. The
ross setion for single antitop prodution is the same.
limits for γµ ouplings to the Z boson are slightly better than the ones previously
obtained in Ref. [39℄ without ISR and beamstrahlung, but still not ompetitive with
those from LHC. For σµν interations the opposite happens: limits inluding these
orretions are a little worse but at any rate they improve the LHC potential in most
ases, espeially at 800 GeV, where the qν fator in the vertex keeps signal ross setions
large.
500 GeV 800 GeV
t→ qZ(γµ) 1.9× 10−4 1.9× 10−4
t→ qZ(σµν) 1.8× 10−5 7.2× 10−6
t→ qγ 1.0× 10−5 3.8× 10−6
Table 6: 3 σ disovery limits for top FCN interations in single top prodution at
TESLA, for CM energies of 500 and 800 GeV, with respetive luminosities of 345 fb
−1
and 534 fb
−1
. The limits are expressed in terms of top deay branhing ratios.
We remark that LHC and TESLA are omplementary in the searh for top FCN
interations. LHC has a better disovery potential for γµ ouplings to the Z boson
and FCN interations with the gluon and the Higgs boson, while TESLA is more
sensitive to σµν ouplings to the Z and the photon. Moreover, if positive signals
are observed, results from both olliders may be neessary to determine the type of
operator involved. While TESLA annot disentangle Z and photon interations, its
good c tagging eieny may allow to determine the identity of the light quark. On
the ontrary, the proesses desribed at LHC determine if the FCN verties involve the
Z boson or the photon, but it is more diult to tag the avour of the light quark.
13
4.3 Other olliders
For ompleteness, we list here other possible plaes where top FCN interations an be
probed as well. One possibility is eγ and γγ ollisions. The latter is speially sensitive,
and a positive signal ould be found in the ontext of the MSSM [45,46℄. Note however
that in this ase there are further ontributions to γγ → tc¯ given by box diagrams
whih annot be parameterised by the verties in Leff . (This is also the ase for e+e−
annihilation [47℄.) ep sattering is another plae where this type of interations might
lead to new eets, but their sensitivity is far beyond the ones ahievable at LHC or a
future e+e− ollider.
5 Conlusions
In the previous setions we have seen that top FCN ouplings are negligible in the
SM but an be enhaned in SM extensions. We have shown that these interations
lead to observable eets at high energy olliders, mainly in top deay and single
top prodution proesses. In order to leanly observe an exess with respet to SM
expetations, and hene the presene of top FCN interations, a preise bakground
alulation is ompulsory. This is a task whih should be arried out in the next few
years, before LHC experimental data are available.
We have shown that top FCN interations oer a good plae for the study of indiret
eets from physis beyond the SM. However, one important aspet whih has not been
disussed is the orrelation between top FCN proesses and other possible new physis
eets at high or low energies. This study inludes, but is not limited to, the eet of
top FCN operators in low energy physis [48℄. Although the branhing ratios in Table 1
are in agreement with present experimental data, eets in B physis are possible and
ould be measured in experiments under way at B fatories.
One example of suh orrelation is present in models with Q = 2/3 singlets. A
oupling |Xct| ∼ 0.015 observable at LHC requires a sizeable deviation of the diagonal
Ztt oupling from its SM expetation [7℄, whih would ertainly be seen in tt¯ prodution
at TESLA. Furthermore, a FCN oupling of this size allows for a CP-violating phase
χ = arg(VtsV
∗
tbV
∗
csVcb) ∼ ±0.3 in the CKM matrix [49℄, muh larger in absolute value
than the SM expetation 0.015 ≤ χ ≤ 0.022. This phase would lead to observable
phenomena in B osillations and deay and, if suh a phase is found, it neessarily
requires the presene of a FCN oupling at the observable level.
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The examination of possible orrelations between top FCN interations and other
proesses at low and high energies is model-dependent, and further analyses should be
done in that diretion. In partiular, if indiret eets are meant to serve as onsis-
teny tests of a (new physis) model, the relation between the presene of top FCN
interations at an observable level and other indiret eets must be fully understood.
The investigation of suh orrelations will help unover the nature of new physis, if
positive signals are found at the present or next generation of olliders.
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